The quark-model baryon-baryon interaction fss2, proposed by the Kyoto-Niigata group, is a unified model for the complete baryon octet (B8 = N , Λ, Σ and Ξ), which is formulated in a framework of the (3q)-(3q) resonating-group method (RGM) using the spin-flavor SU6 quark-model wave functions and effective meson-exchange potentials at the quark level. Model parameters are determined to reproduce properties of the nucleon-nucleon system and the low-energy cross section data for the hyperon-nucleon scattering. Due to the several improvements including the introduction of vector-meson exchange potentials, fss2 has achieved very accurate description of the N N and Y N interactions, comparable to various one-boson exchange potentials. We review the essential features of fss2 and our previous model FSS, and their predictions to few-body systems in confrontation with the available experimental data. Some characteristic features of the B8B8 interactions with the higher strangeness, S = −2, − 3, − 4, predicted by fss2 are discussed. These quark-model interactions are now applied to realistic calculations of few-body systems in a new three-cluster Faddeev formalism which uses two-cluster RGM kernels. As for the few-body systems, we discuss the three-nucleon bound states, the ΛN N -ΣN N system for the hypertriton, the ααΛ system for 9 Λ Be, and the ΛΛα system for 6 ΛΛ He. §1. Introduction An important purpose of studying baryon-baryon interactions in the quark model (QM) is to obtain the most accurate understanding of the fundamental strong interactions in a natural picture, in which the short-range part of the interaction is relevantly described by the quark-gluon degrees of freedom and the medium-and long-range parts by dominated meson-exchange processes. In the spin-flavor SU 6 QM, the baryon-baryon interactions for all the octet baryons (B 8 = N, Λ, Σ and Ξ) are consistently treated with the well-known nucleon-nucleon (N N ) interaction. We have recently proposed a comprehensive QM description of general baryon-octet baryon-octet (B 8 B 8 ) interactions, which is formulated in the (3q)-(3q) resonatinggroup method (RGM) using the spin-flavor SU 6 QM wave functions, a colored version of the one-gluon exchange Fermi-Breit interaction, and effective meson-exchange potentials (EMEP's) acting between quarks. 1)-5) The early version, the model FSS, 1)-3) includes only the scalar (S) and pseudoscalar (PS) meson-exchange potentials as the
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An important purpose of studying baryon-baryon interactions in the quark model (QM) is to obtain the most accurate understanding of the fundamental strong interactions in a natural picture, in which the short-range part of the interaction is relevantly described by the quark-gluon degrees of freedom and the medium-and long-range parts by dominated meson-exchange processes. In the spin-flavor SU 6 QM, the baryon-baryon interactions for all the octet baryons (B 8 = N, Λ, Σ and Ξ) are consistently treated with the well-known nucleon-nucleon (N N ) interaction. We have recently proposed a comprehensive QM description of general baryon-octet baryon-octet (B 8 B 8 ) interactions, which is formulated in the (3q)-(3q) resonatinggroup method (RGM) using the spin-flavor SU 6 QM wave functions, a colored version of the one-gluon exchange Fermi-Breit interaction, and effective meson-exchange potentials (EMEP's) acting between quarks. 1)-5) The early version, the model FSS, 1)-3) includes only the scalar (S) and pseudoscalar (PS) meson-exchange potentials as the EMEP's, while the renovated one fss2 4), 5) introduces also the vector (V) mesonexchange potentials and the momentum-dependent Bryan-Scott terms for the S and V mesons. Owing to these improvements, the model fss2 in the N N sector has attained the accuracy comparable to that of one-boson exchange potentials (OBEP's).
These QM potentials can now be used for various types of many-body calculations, which include the G-matrix calculations 6) of baryonic matter and the Faddeev calculations of few-baryon systems. 7) For this purpose, we have recently developed a new three-cluster formalism which uses two-cluster RGM kernels explicitly. 8) The proposed equation eliminates three-cluster redundant components by the orthogonality of the total wave function to the pairwise two-cluster Pauli-forbidden states. The explicit energy dependence inherent in the exchange RGM kernel is self-consistently determined. This equation is entirely equivalent to the Faddeev equation which uses a modified singularity-free T -matrix (which we call the RGM T -matrix) generated from the two-cluster RGM kernel. We first applied this formalism to a threedineutron system and the 3α system, and obtained a complete agreement between the Faddeev calculations and variational calculations which use the translationally invariant harmonic-oscillator (h.o.) basis. 8), 9) Here we apply the formalism to the Faddeev calculations of the three-nucleon (3N ) bound state, 7) and the ΛN N -ΣN N system for the hypertriton, as well as the ααΛ and ΛΛα systems. §2 . Formulation
The present model is a low-energy effective model which introduces some of the essential features of QCD characteristics. The color degree of freedom of quarks is explicitly incorporated into the non-relativistic spin-flavor SU 6 quark model, and the full antisymmetrization of quarks is carried out in the RGM formalism. The gluon exchange effect is represented in the form of the quark-quark interaction. The confinement potential is a phenomenological r 2 -type potential, which has a favorable feature that it does not contribute to the baryon-baryon interactions. We use a color analogue of the Fermi-Breit (FB) interaction, motivated from the dominant one-gluon exchange process in conjunction with the asymptotic freedom of QCD. We postulate that the short-range part of the baryon-baryon interaction is well described by the quark degree of freedom. This includes the short-range repulsion and the spin-orbit force, both of which are successfully described by the FB interaction. On the other hand, the medium range attraction and the long-range tensor force, especially afforded by the pions, are extremely non-perturbative from the viewpoint of QCD. These are therefore most relevantly described by the effective meson exchange potentials (EMEP). In the previous model called FSS, 1)-3) only the scalar and pseudoscalar mesons are introduced. The model fss2 4), 5) is the most advanced model which also includes the vector-meson exchange EMEP. The full QM Hamiltonian H consists of the non-relativistic kinetic-energy term, the phenomenological confinement potential U Cf ij , the colored version of the full FB interaction U FB ij with explicit quark-mass dependence, and the EMEP U Ω ij generated from the scalar (Ω=S), pseudoscalar (PS) and vector (V) meson exchange potentials acting between quarks: 
The RGM equation for the relative-motion wave function χ(r) reads
We solve this RGM equation in the momentum representation. 10) If we rewrite the RGM equation in the form of the Schrödinger-type equation
×χ(r) = 0, the potential term, V RGM (ε) = V D +G+εK, becomes nonlocal and energy dependent. Here V D represents the direct potential of EMEP's, G includes all the exchange kernels for the interaction and kinetic-energy terms, and K is the exchange normalization kernel. We calculate the plane-wave matrix elements of V RGM (ε), and set up with the Lippmann-Schwinger equation of the RGM T -matrix. This approach is convenient to proceed to the G-matrix calculations. 6), 11) Faddeev calculations using these exchange kernels are also possible with some special considerations of the Pauli forbidden states. 8), 9) §3. B 8 B 8 interactions by fss2 and FSS
N N properties and G-matrix calculations of nuclear matter
Figures 1 and 2 display some important low-partial wave N N phase-shift parameters predicted by the model fss2, in comparison with the phase shift analysis SP99. 12) The previous results by FSS are also shown with the dotted curves. Due to the inclusion of V mesons, the N N phase shifts of the fss2 at the non-relativistic energies up to T lab = 350 MeV are greatly improved, and now have attained the 18) The choice of the intermediate spectra is specified by "QTQ" and "cont." The result for the Bonn-B potential in the continuous choice is taken from the non-relativistic calculation in Ref. 19 ). and the Bonn-B potential 18) are also shown for comparison.
accuracy almost comparable to that of OBEP's. The good reproduction of the N N phase-shift parameters in fss2 continues up to T lab ∼ 600 MeV, 4) where the inelasticity of the S-matrix becomes appreciable.
For the correct evaluation of the triton binding energy, it is well known that the proper reproduction of the deuteron D-state probability and the 1 S 0 effective range parameters is essential. Table I shows the deuteron properties predicted by FSS and fss2, in comparison with the experiment. The predictions by the Bonn-B potential, which has a smaller deuteron D-state probability, is also shown for comparison. Figure 3 shows saturation curves of symmetric nuclear matter, obtained by fss2 and FSS. 6) They depend on the prescription how one deals with the energy spectrum of the intermediate single-particle (s.p.) states. In both cases of the QTQ and the continuous choices, they are very similar to the predictions by meson exchange potentials. In the continuous choice, the saturation curves of fss2 and FSS are very similar to that of the Bonn-B potential. 18) Unfortunately, our results share the common unsatisfactory feature of any non-relativistic models, that the saturation point does not deviate from the Caester line.
The saturation curve for neutron matter, predicted by fss2, is also shown in Fig. 4 . The results by the Nijmegen soft-core potential (NSC97) 20) and the Bonn-B potential 18) are also shown for comparison. Since the strongly attractive 3 S 1 + 3 D 1 channel does not exist in this case, the total energy per neutron in neutron matter becomes repulsive in any models. We find that our quark model potential gives very similar results to the standard meson-exchange potentials, as long as the N N interaction is concerned.
The s.p. potentials of the nucleon and hyperons in symmetric nuclear matter are shown in Figs. 5 (k F = 1.35 fm −1 ) and 6 (k F = 1.07 fm −1 ) for the model fss2. For the standard Fermi momentum k F = 1.35 fm −1 , which corresponds to the normal density ρ 0 , these are fairly deep potentials. For the comparison with the depth of the s.p. potentials in the finite nuclei, one has to take a smaller value for k F because of the surface effects. If we assume k F = 1.07 fm −1 , the s.p. potentials become much shallower, and the depth becomes almost comparable with the empirical values, −50 
Y N and Y Y interactions by fss2 and FSS
The total cross sections of the hyperon-nucleon (Y N ) scattering predicted by fss2 are compared with the available experimental data in Fig. 7 . The "total" cross sections for the scattering of charged particles (i.e., Σ + p and Σ − p systems) are calculated by integrating the differential cross sections over cos θ min = 0.5 ∼ cos θ max = −0.5. The solid curves indicate the result in the particle basis, while the dashed curves in the isospin basis. In the latter case, the effects of the charge symmetry breaking, such as the Coulomb effect and the small difference of the threshold energies for Σ − p and Σ 0 n channels, are neglected. New experimental data for Σ − p elastic total cross sections at the intermediate energies, p Σ = 400-700 MeV/c, measured at KEK, 21) are consistent with the fss2 predictions.
The Σ + p differential cross sections at the intermediate energy p Σ = 450 MeV/c are compared with the KEK experiment 22) in the left panel of Fig. 8 . We need more experimental data to increase the statistics, in order to see which model is the most appropriate. In the right panel, the polarization observables for the Σ + p elastic scattering at p Σ = 800 MeV/c are shown for the models fss2 and FSS. The recent experimental data from KEK-PS 457 23) imply the asymmetry parameter a exp = 0.44 ± 0.2 at p Σ = 800 ± 200 MeV/c, which is not inconsistent with our quark-model predictions although the specific scattering angle is not possible to be identified.
We show some comparison of the Ξ − N total cross sections which are recently obtained from the BNL-E906 experiment. 24) The in-medium Ξ − N total cross sections around the momentum region p lab ∼ 550 MeV/c are estimated as σ ΞN (in medium) = 30 ± 6.7 +3.7 −3.6 mb. More detailed analysis using the Eikonal approximation 25) gives σ ΞN (in medium) = 20.9 ± 4.5 +2.5 −2.4 mb. They have also estimated the cross section
If we compare these experimental data with the FSS and fss2 predictions depicted in Fig. 9 , we find that the FSS predictions in the left panels seem to be more favorable. However, we definitely need more experimental data with higher statistics.
Characteristics of the B 8 B 8 Interactions by fss2
Since our quark-model parameters are fixed by using the experimental data in the N N and Y N sectors, the B 8 B 8 interactions beyond the strangeness S = −1 are all model predictions. 5) For the systematic understanding of these interactions, it is convenient to discuss them by using the SU 3 representation basis for the twobaryon systems. This is because the quark-model Hamiltonian is approximately SU 3 scalar, and the interactions with the same SU 3 label (λµ) should have very similar characteristics, as long as the flavor symmetry breaking is negligible. Table II illustrates how the two baryon systems in the isospin basis are classified as the superposition of the SU 3 basis. It has entirely different structure between the flavor symmetric and antisymmetric cases. In the 1 S 0 state, for example, there appear many states having the dominant (22) components. The S-state B 8 B 8 interactions for these states should be very similar to that for the N N 1 S 0 state. The (11) s component is completely Pauli forbidden and is characterized by the strong repulsion originating from the quark Pauli principle. The (00) component in the H-particle channel is attractive from the color-magnetic interaction. On the other hand, in the N N sector the 3 S 1 state with I = 0 is composed of the pure (03) state, and the deuteron is bound in this channel owing to the strong one-pion tensor force. This SU 3 state in the flavor antisymmetric case is converted to the (30) state in the larger side of the strangeness. Since the (30) state is almost Pauli forbidden, the interaction is strongly repulsive. Therefore, the ΞΞ interaction is not so attractive as N N , since they are combinations of (22) and (30) . The other SU 3 state (11) a turns out to have very weak interaction. After all, the strangeness S = −2 sector is most difficult, since it is a turning point of the strangeness. It is also interesting to see that ΞΣ channel with I = 3/2 should be fairly attractive, since the same (22) and (03) SU 3 states as in the N N system appear in this isospin channel. Figure 10 shows fss2 predictions of the 1 S 0 phase shifts for various B 8 B 8 interactions having the pure (22) configuration. Although the ΣΣ interaction with the isospin I = 2 is very similar to the N N interaction, the other interactions generally get weaker as the strangeness involved becomes larger. This is a combined effect of the flavor symmetry breaking in the quark and meson-exchange contributions. In particular, the ΞΞ interaction has the lowest rise of the phase shift, which is less than 30 • . Accordingly, the the ΞΞ total cross sections become much smaller than the other systems. We find that the N N interaction is the strongest and has the largest cross sections among any combinations of the octet baryons. Figure 11 shows the 1 S 0 phase shift curves, predicted by fss2, in the ΛΛ-ΞN -ΣΣ coupled-channel system with the isospin I = 0. The maximum peak of the ΛΛ phase shift is less than 20 • , which is much smaller than the previous predictions by various models. This result is in good agreement with the recent experimental data for the double Λ hypernucleus 6 ΛΛ He. The finding of this event, called the Nagara event, 26) is one of the most important contributions in recent years, since the assignment of the decaying scheme is very definite. The ∆B ΛΛ value, defined by ∆B ΛΛ = B ΛΛ ( 6 ΛΛ He) − 2B Λ ( 5 Λ He), is deduced from this event as ∆B ΛΛ = 1.01 ± 0.20 MeV, which implies a weak attraction for the ΛΛ interaction. Our G-matrix calculation of this system yields an almost right answer, ∆B ΛΛ = 1.12 ∼ 1.24 MeV, by taking into account the important contribution from the α-particle rearrangement energy. 27) In Table II . The relationship between the isospin basis and the flavor-SU3 basis for the B8B8 systems.
The flavor-SU3 symmetry is given by the Elliott notation (λµ). The heading P denotes the flavor exchange symmetry, S the strangeness, and I the isospin. the next section, we will solve the Faddeev equation of the ΛΛα system, by using the ΛΛ T -matrix predicted by our QM interaction.
Some of the following characteristics of fss2 for the B 8 B 8 interactions are very much different from the Nijmegen predictions given by Stoks and Rijken. 28) • There is no bound state in the B 8 B 8 system, except for the deuteron.
• The ΞΞ total cross sections are not so large as the N N total cross sections.
• The ΞN interaction has a strong isospin dependence like the ΣN interaction.
• The Ξ − Σ − (namely, ΞΣ(I = 3/2)) interaction is fairly attractive. §4. Faddeev calculation
Three-nucleon bound state
Since our QM B 8 B 8 interaction describes the short-range repulsion very differently from the meson-exchange potentials, it is interesting to examine the threenucleon system predicted by fss2 and FSS. Here we solve the Faddeev equation for 3 H, by directly using the QM RGM kernel in the isospin basis. 7) Our Faddeev calculation is the full 50-channel calculation up to the maximum angular momentum J = 6, and the values are almost completely converged as seen in Table III . 29) The fss2 prediction, −8.52 MeV, seems to be overbound in comparison with the experimental value E exp ( 3 H) = −8.48 MeV. In fact, this is not the case, since all these calculations neglect the charge dependence of the N N interaction, in which the 1 S 0 interaction of the nn system is less attractive than that of the np system. The effect of the charge dependence is estimated to be −0.19 MeV for the triton binding energy. 18) If we take this into account, our result is still 150 keV less bound. If we attribute this difference to the effect of the three-nucleon force, it is by far smaller than the generally accepted values, 0.5 ∼ 1 MeV, 30) predicted by many Faddeev calculations employing modern realistic meson-theoretical N N interactions. The charge root-mean-square radii of 3 H and 3 He are correctly reproduced. An important point here is that we can reproduce enough binding energy of the triton, without reducing the deuteron D-state probability. The self-consistent energy of the two-cluster RGM kernel, ε N N , has a clear physical meaning related to the decomposition of the total triton energy E into the kinetic-energy and potential-energy contributions: ε N N = E/3 + H 0 /6. Table IV shows this decomposition, together with the results of CD-Bonn and AV18 potentials. 30) We find that our quark model results by FSS and fss2 are just middle between these potentials, which have very different strengths of the tensor force.
The hypertriton
Next, we apply our QM N N and Y N interactions to the hypertriton ( 3 Λ H) with the small separation energy of the Λ-particle, B Λ exp = 130 ± 50 keV. 31) Since the Λ-particle is far apart from the two-nucleon subsystem, the on-shell properties of Table IV . Decomposition of the total triton energy E into the kinetic-energy and potential-energy contributions: E = H0 + V . The unit is in MeV. In the present framework, this is given by the expectation value εNN of the two-cluster Hamiltonian with respect to the Faddeev solution, which is determined self-consistently. the ΛN and ΣN interactions are expected to be well reflected in this system. In particular, this system is very useful to learn the relative strength of 1 S 0 and 3 S 1 attractions of the ΛN interaction, since the 1 S 0 component plays a more important role than 3 S 1 in this system and the available low-energy Λp total cross section data cannot discriminate many possible combinations of the 1 S 0 and 3 S 1 interactions. In fact, Ref. 32)-34) showed that most meson-theoretical interactions fail to bind the hypertriton, except for the Nijmegen soft-core potentials NSC89, 35) NSC97f and NSC97e. 20) It is also pointed out in Refs. 32) and 34) that a small admixture of the ΣN N components less than 1% is very important for this binding. We therefore carry out the ΛN N -ΣN N coupled-channel Faddeev calculation, by properly taking into account the existence of the SU 3 Pauli forbidden state (11) s at the quark level. Table V shows the results of the Faddeev calculations using fss2 and our previous model FSS. In the 15-channel calculation including the S and D waves of the N N and Y N interactions, we have already obtained
The convergence with the extension to the higher partial waves is very rapid, and the total angular-momentum of the baryon pairs with J ≤ 4 is good enough for 1 keV accuracy. As for the converged B Λ values with 150-channel ΛN N and ΣN N configurations, we obtain B Λ = 289 keV and the ΣN N component P Σ = 0.80 % for the fss2 prediction, and B Λ = 878 keV and P Σ = 1.36 % for FSS. Table VI shows the correlation between the Λ separation energy B Λ and the 1 S 0 and 3 S 1 effective range parameters of FSS, fss2 and NSC89 ΛN interactions. Although all of these ΛN interactions reproduce the low-energy ΛN total cross section data below p Λ ∼ 300 MeV/c within the experimental error bars, our quarkmodel interactions seem to be slightly more attractive than the Nijmegen soft-core potential NSC89. 35) The model FSS gives a large overbinding since the 1 S 0 ΛN interaction is strongly attractive. The phase-shift difference of the 1 S 0 and 3 S 1 states at
Since the present fss2 result is still slightly overbound, this difference should be somewhat smaller in order to reproduce the correct experimental value B Λ exp = 130 ± 50 keV. From the two results given by fss2 and FSS, we can extrapolate the desired difference to be 0 • ∼ 2 • , which is consistent with the result in Ref. 36 ) using simulated interactions of the Nijmegen models.
Table V also shows that the expectation value of the N N Hamiltonian, ε N N , determined self-consistently is rather close to the deuteron energy −ε d , especially in fss2. This feature is even marked if we decompose these energies to the kineticenergy and potential-energy contributions. Table VII shows this decomposition with respect to fss2, FSS and NSC89. (For this comparison, we use the definition of the kinetic-energy part of the deuteron, given by
is the RGM relative wave function between the neutron and the proton.) In fss2, the kinetic-energy of the N N subsystem is 1.88 MeV larger than that of the deuteron, which implies that the N N subsystem shrinks by the effect of the outer Λ-particle, in comparison with the deuteron in the free space. In NSC89, this difference is even smaller; i.e., 1.18 MeV. These results are consistent with the fact that the hypertriton in NSC89 is more loosely bound (B Λ = 143 keV) 34) than in fss2 (289 keV), and the Λ-particle is very far apart from the N N cluster. The ΣN N probability in NSC89 is P Σ = 0.5 %. 32) Table VII 4.3. The ααΛ system for 9 Λ Be As another typical example of three-cluster systems composed of two identical clusters, we apply the present formalism to the ααΛ Faddeev calculation for 9 Λ Be, using the αα RGM kernel and the Λα folding potential generated from a simple ΛN effective interaction. 37) For the αα RGM kernel, we use the the three-range Minnesota force 38) with the Majorana exchange mixture u = 0.94687, and the h.o. width parameter, ν = 0.257 fm −2 , assumed for the (0s) 4 α-clusters. The αα phase shifts are nicely reproduced in the αα RGM calculation, using this effective N N interaction. For the 3α system, we find that the ground-state energy obtained by solving the present 3α Faddeev equation is only 1.8 MeV higher than that of the fully microscopic 3α RGM calculation. The effective ΛN interaction, denoted by SB (Sparenberg-Baye potential) in Table VIII , is constructed from the 1 S 0 and 3 S 1 phase shifts predicted by the Y N sector of the model fss2, by using an inversion method based on supersymmetric quantum mechanics. 39) These are simple tworange Gaussian potentials which reproduce the low-energy behavior of the ΛN phase shifts in Fig. 12 , obtained in the full coupled-channel calculations: where V (r) in MeV and r in fm is the relative distance between Λ and N . In the 3 S 1 state, the phase-shift behavior only in the low-momentum region with p lab < 600 MeV/c is fitted, since the cusp structure is never reproduced in the singlechannel calculation. Since any central and single-channel effective ΛN force leads to the well-known overbinding problem of 5 Λ He by about 2 MeV (in the present case, it is 1.63 MeV), 40) the attractive part of the 3 S 1 ΛN potential is modified to reproduce the correct binding energy, E exp ( 5 Λ He) = −3.12 ± 0.02 MeV, with an adjustable parameter f = 0.8923. This overbinding problem is mainly attributed to the Brueckner rearrangement effect of the α-cluster, originating from the starting energy dependence of the bare two-nucleon interaction due to the addition of an extra Λ particle. 41) The odd-state ΛN interaction is assumed to be zero. All partial waves up to λ Max = ℓ 1Max = 6 for the αα and Λα pairs are included. The direct and exchange Coulomb kernel between the two α-clusters is introduced at the nucleon level with the cut-off radius, R C = 14 fm. Table VIII shows the ground-state (0 + ) and the 2 + excitation energies of 9 Λ Be, predicted by the SB and the other various ΛN potentials used by Hiyama et al. 42) In the present calculations using only the central force, the SB potential with the pure Serber character can reproduce the the ground-state and the excitation energies within 100 -200 keV accuracy.
4.4.
The ΛΛα system for 6 ΛΛ He We can use the Λα T -matrix, used in the ααΛ Faddeev calculation, to calculate the ground-state energy of 6 ΛΛ He. The full coupled-channel T -matrices of fss2 and FSS with the strangeness S = −2 and the isospin I = 0 are employed for the ΛΛ RGM T -matrix. Table IX , results are also shown for V ΛΛ (SB), which is a two-range Gaussian potential generated from the fss2 1 S 0 ΛΛ phase shift (see Fig. 11 ) in the full-channel calculation, using the supersymmetric inversion method. 39) This potential is explicitly given by
where V ΛΛ (SB) in MeV and r in fm is the relative distance between two Λ's. We think that the 0.5 MeV difference between our fss2 result and the V ΛΛ (SB) result is probably because we neglected the full coupled-channel effects of the ΛΛα channel to the ΞN α and ΣΣα channels. We should also keep in mind that in all of these three-cluster calculations the Brueckner rearrangement effect of the α-cluster with the magnitude of about −1 MeV (repulsive) is very important. 27) It is also reported in Ref. 44 ) that the quark Pauli effect between the α cluster and the Λ hyperon yields a non-negligible repulsive contribution of 0.1 -0.2 MeV for the Λ separation energy of 6 ΛΛ He, even when a rather compact (3q) size of b = 0.6 fm is assumed as in our quark-model interactions. Taking all of these effects into consideration, we can conclude that the present results by fss2 are in good agreement with the recent experimental value, ∆B exp ΛΛ = 1.01 ± 0.20 MeV, deduced from the Nagara event. 26) §5. Summary From the advent of Yukawa's meson theory, a huge amount of efforts have been devoted to understand the fundamental nucleon-nucleon (N N ) interaction and related hadronic interactions. The present view of these interactions are nonperturbative realization of inter-cluster interactions, governed by the fundamental theory of the strong interaction, quantum chromodynamics (QCD), in which the gluons are the field quanta exchanged between quarks. On this basis, meson "the-ory" can be understood as an effective description of quark-gluon dynamics in the low-energy regime. The short-range part of the N N and hyperon-nucleon (Y N ) interactions are still veiled with unaccessible mechanism of quark confinement and multi-gluon effects.
Here we have applied a naive constituent quark model to the study of baryonbaryon interactions, in which some of the essential features of QCD characteristics are explicitly incorporated in the non-relativistic framework. For example, the color degree of freedom of quarks is explicitly incorporated, and the full antisymmetrization of quarks is carried out in the resonating-group (RGM) formalism. The gluon exchange effect is represented in the form of the quark-quark interaction, for which a color analogue of the Fermi-Breit (FB) interaction is used with an adjustable parameter of the quark-gluon coupling constant α S . The confinement potential is a phenomenological r 2 -type potential, which does not contribute to the baryon-baryon interactions in the present framework. Since the meson-exchange effects are the nonperturbative aspect of QCD, these are described by the effective meson exchange potentials (EMEP) acting between quarks. After several improvements, the most recent model called fss2 has achieved very accurate description of the N N and Y N interactions. 1)- 4) We have extended this (3q)-(3q) RGM study of the the N N and Y N interactions to the strangeness S = −2, − 3 and −4 sectors without introducing any extra parameters, and have clarified some characteristic features of the B 8 B 8 interactions. 5) The results seem to be reasonable, if we consider, i) the spin-flavor SU 6 symmetry, ii) the weak pion effect in the strangeness sector, and iii) the effect of the flavor symmetry breaking. These B 8 B 8 interactions are now used for the detailed study of the few-body systems, as well as baryonic matter problems, in various ways. Here we discussed applications of the N N , Y N and Y Y interactions to the Faddeev calculations of the three-nucleon bound state, the ΛN N -ΣN N system for the hypertriton, the ααΛ system for 9 Λ Be, and the ΛΛα system for 6 ΛΛ He. We find that fss2 gives the triton binding energy large enough to compare with the experiment, without reducing the deuteron D-state probability. 7), 29) The charge root-mean-square radii of 3 H and 3 He are also correctly reproduced. The application to the hypertriton calculation shows that fss2 gives a reasonable result similar to the Nijmegen soft-core model NSC89, 35) except for an appreciable contributions of higher partial waves. 31) In the application to the ααΛ system, the αα RGM kernel with the three-range Minnesota force 38) and some appropriate ΛN force generated from the low-energy phase-shift behavior of fss2 yield the the ground-state and excitation energies of 9 Λ Be within 100 -200 keV accuracy. 37) The weak ΛΛ force ∆B exp ΛΛ = 1.01 ± 0.20 MeV deduced from the Nagara event 26) for 6 ΛΛ He is reasonably reproduced by the Faddeev calculation of the ΛΛα system, using the present Λα T -matrix and the full coupled-channel ΛΛ-ΞN -ΣΣ T -matrix of fss2.
It is important to note that the newly developed three-cluster Faddeev formalism using two-cluster RGM kernels opens a way to solve few-baryon systems interacting by the quark-model baryon-baryon interactions without spoiling the essential features of the RGM kernels; i.e., the non-locality, the energy dependence and the existence of the pairwise Pauli-forbidden state. It can also be used for the threecluster systems involving α-clusters, like the 9 Λ Be and 6 ΛΛ He systems. A nice point of this formalism is that the underlying N N and Y N interactions are more directly related to the structure of the hypernuclei than the models assuming simple twocluster potentials. In particular, we have found that the model fss2 yields a realistic description of many three-body systems including the three-nucleon bound state, the hypertriton, 9 Λ Be and 6 ΛΛ He.
